The desire for ultrafast manipulation of deeply sub-wavelength electromagnetic fields has spurred significant investigation into plasmonic nanostructure properties and device design. However, due to the nanoscale nature of many plasmon-related quantities, experimental characterization of such structures presents a unique set of challenges.
Specifically, non-perturbative measurements of the spatial distributions of local fields have proven especially elusive, both because structure feature sizes are below the diffraction limit and because modal characteristics are extremely sensitive to their local environment. Current techniques for mapping plasmonic near-fields and their movements involve using a probe tip apex for scattering/collecting local fields [1] , or coating the structures with optically-or thermally-active media and inducing chemical and/or structural changes wherever the fields are strongest [2] . These methods are not ideal, as they require placing a foreign object or material into the sensitive near-fields, necessarily perturbing the properties of the studied nanostructure [3] .
In this work, we demonstrate the non-perturbative use of diffraction-limited nonlinear optics and photon localization microscopy to visualize the nanometer-scale controlled shifts of zeptoliter mode volumes within plasmonic nanostructures [4] . As a proof of concept, we image the local energy-dependent changes in near-field distributions within individual gold asymmetric bowtie nano-colorsorters (ABnCs) [5] , a class of plasmonic color sorters [6] based on the "cross" nanoantenna geometry [7] . These devices are specifically engineered to not only capture and confine optical fields, but also to spectrally filter and steer them while maintaining nanoscale field distributions. Their spectral properties, including Fano-like resonances [8] , and localized spatial mode distributions can be readily tuned by controlled asymmetry, and each of the zeptoliter mode volumes within an ABnC, spatially separated by only tens of nm, can be individually addressed simply by adjusting the incident wavelength [5] .
To image the modes, we collect the two-photon photoluminescence (TPPL) signal [9, 10] from the ABnCs when excited by a pulsed titanium sapphire laser tuned to a mode resonance (in a sample-scanning confocal modality; details in the supplemental information (SI) [11] ). The TPPL originates from the interaction of the intrinsic local field with the Au nanostructure itself and therefore involves no external perturbation of the device or its local environment. TPPL has previously been used to measure plasmonic field properties such as enhancement and near-field resonance [10, 12] , as well as mode distributions with diffraction-limited spatial resolution [13] .
Recently, photon localization microscopy has gained significant attention within the molecular and cellular imaging communities due to its ability to determine the position of a single emitter with nanoscale accuracy. A more detailed discussion can be found in [14] and references therein. By applying photon localization microscopy centroid analysis [15] to TPPL data from plasmonic systems, we can determine the center position of a local field mode in the same way, separately localizing nanoscale plasmon modes within the same diffraction-limited focal volume. For our sample-scanning confocal TPPL images of the ABnCs, the position accuracy is limited primarily by the number of TPPL photons we collect, and we demonstrate here a 95% confidence interval accuracy of +/-2.5 nm.
The asymmetry in our ABnCs is created by moving the "vertical" bowtie component of a cross nanoantenna right-of-center, thereby reducing the cross symmetry from C 4v to C s . We have previously shown that, due to complex coupling within the ABnC, this shift breaks the nanoantenna's primary plasmon resonance into two spatially and spectrally distinct modes: a higher-energy "blue" mode confined near the tip of the more isolated triangle on the left, and a lower-energy "red" mode primarily confined near the smaller gaps on the other side ( Fig. 1) [5] . The two mode volumes are spatially separated by a distance significantly below the diffraction limit (demonstrated below).
The ABnCs are engineered to have the "blue" resonance near 780 nm and the "red" resonance near 840 nm. They are fabricated using electron-beam lithography and consist of ~18-nm-thick Au on top of a 2 nm Ti adhesion layer. More fabrication details are given in [11] . code MEEP [16] via the interactive analysis suite Molecular Foundry PhotonicsTK, hosted online at www.nanoHUB.org [17] (see SI [11] for simulation details).
In our experiment, A 100X, 0.95 numerical aperture microscope objective is used for both excitation and TPPL collection. The collected broadband TPPL is detected by an avalanche photodiode (APD) after passing through spectral filters (details in SI). We collect TPPL images of individual ABnCs and their associated fiduciary marks while first exciting at 780 nm, then again at 840 nm. This sequence is repeated to assure reproducibility, and care is taken to operate at power densities below the damage threshold [10] . By exciting the local modes at different times, we combine the localization data from different images to yield information that is significantly better than the diffraction limit.
TPPL images of the fiduciary marks are centered at the disk-dimer gap for both excitation wavelengths. On the other hand, TPPL images of the ABnC should have a center position that depends on which resonance is excited [18] . The "blue resonance" TPPL centroid is expected to be located closer to the left-most triangle in the ABnC, while at the "red" resonance, the TPPL image center will be shifted to the right. The size of the shift is related to the offset of the vertical bowtie component.
Because the TPPL images are collected serially while raster scanning the sample, the scan direction is chosen such that each ABnC and its related fiduciary mark are imaged within the same scan lines, thereby limiting potential error in localization accuracy due to drift during image acquisition. By scanning through our focused laser spot and collecting all generated TPPL signal, we are primarily measuring the excitation response functions of our nanoantennae, convolved with the point spread function (PSF) of our optical system. Complementary information can be gained by exciting and collecting TPPL images in a widefield modality as a function of incident and/or emission energy.
Once TPPL intensity images are collected, they are fit to two-dimensional Gaussians (Fig. 1f) , and center positions and associated confidence intervals are calculated. The nanoscale shifts of the two modes within each ABnC are then determined by calculating the center positions of the ABnC images relative to those of the fiduciary mark. Localization accuracy depends both on the fits of the ABnC images and the disk-dimer images. For our Au structures, TPPL is stronger for higher-energy excitation, so the localization accuracies are better for 780 nm modes than for 840 nm modes. As experimental controls, single bowties and individual triangles were also fabricated on the sample and imaged in the same way. As expected, no appreciable mode shift is measured from these structures (see SI Fig. S2 [11] ).
After optical measurements, all structures are imaged in the SEM to determine their actual geometries, including the extent of the asymmetry of each ABnC. The results of the localization microscopy analysis for each structure are then correlated with these quantities. In Figure 2a , the relative center positions of an ABnC's two modes as determined by the TPPL image centroid analysis are shown, overlaid on its SEM image.
We have estimated the position of the optical data relative to the ABnC SEM based on simulation. In this case, the 8 nm vertical-bowtie offset of the ABnC has led to a measured shift of 32 nm in the centers of the TPPL images at the two distinct plasmon modes. The center positions have been determined with 95% confidence interval accuracies of 2.5 nm (780 nm excitation) and 11.3 nm (840 nm excitation). The relatively poor center position accuracy of the "red" mode is due mostly to the weak TPPL signal arising from the fiduciary mark at 840 nm excitation. This experimentally-determined shift in mode position corresponds well with the calculated |E| 4 centroid positions ( Fig.   2b-c) . Data from this structure is also shown in Fig. 3 as the experimental data point at asymmetry parameter = 0.22.
Importantly, because of the nm-scale accuracy of the localization measurements, one can observe the effects of fabrication variations on local mode distributions, an example of which is shown in Fig. 2d-f and Fig. 3 . Although each ABnC is nominally designed to have C s symmetry with a reflection axis along the x-axis, variations occur due to fabrication limitations at these length scales. In Fig. 2(d) , the bottom triangle in the ABnC was offset in both the x-and y-directions by a few nm. These relative offsets are theoretically expected to lead to localized plasmon distributions that are also displaced in x and y relative to one another. This is consistent with our measurements (see Fig. 2d-f) : the red mode TPPL centroid exists primarily near the smallest gap in the ABnC [5] , which is both to the right and down from the blue mode TPPL centroid.
The change in the relative positions of the local modes can be controlled by the degree of vertical bowtie offset in the ABnC. Using TPPL localization microscopy, we have measured the relative spatial shifts of ABnC mode positions for offsets ranging from 4 nm to 15 nm. These shifts are plotted in Fig. 3 as a function of a normalized asymmetry parameter defined as the vertical bowtie offset divided by the measured gap size of the horizontal bowtie component. A clear relationship between the amount of asymmetry and spatial shift between modes is demonstrated and agrees well with the theoretically predicted values. Details of the theoretically calculated shifts are discussed in the SI [11] . In Fig. 3 , scatter of the experimental data around the theoretical curve is real and highlights the precision of the optical measurements. The scatter is due to fabrication-limited variations in actual device structure relative to the more ideal theoretically modeled cases (see discussion in [11] and Fig. S4 ). This optical technique is complementary in many ways to the recently demonstrated electron-based plasmon imaging techniques [19] , and both lend new insights into localized light-matter interactions. The notable advantage of the electron-based techniques is that they can give a full, nanoscale resolution image of the spatial distribution of the mode, and some modalities allow for full wide-field imaging. Also, localization accuracies associated with electron-based techniques can be orders-of-magnitude higher than for optical methods. Key advantages of this optical technique are the direct probing of photonstructure coupling and its experimental accessibility, simplicity, and throughput, making it appealing not only for basic investigations in research labs but also for characterization and metrology in more industrial/development settings. Additionally, the all-optical technique can be performed in virtually all possible sample environments (ambient, liquid, vacuum, etc 
